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THE RENAL EPITHELIA ARE AMONG the tissues routinely exposed to variable extracellular osmolalities under physiological conditions that require cells to maintain appropriate cell volume and intracellular osmolality. Hypotonicity causes a biphasic change in cell volume; i.e., initial cell swelling followed by regulatory volume decrease (RVD) returning its cell volume toward the original one. The mechanism generating RVD is well understood; i.e., KCl release occurs through volume-sensitive K ϩ and Cl Ϫ channels. Although this KCl efflux may be thought to affect the intracellular Cl Ϫ concentration ([Cl Ϫ ] i ), no evidence is available on [Cl Ϫ ] i during RVD. The chloride ion is characterized as a major physiological anion in living tissues and is critically involved in the regulation of cell volume, intracellular pH, acid-base balance, and fluid secretion (41) . In particular, the change in [Cl Ϫ ] i has been reported to modify gene expression, activity of some proteins, and activity of ion channels; e.g., the intracellular Cl Ϫ regulates the cyclooxygenase (COX)-2 gene expression in macula densa cells (8, 44) , the activity of the epithelial Na ϩ channel (ENaC) (25) , the activity of Na ϩ -K ϩ -2Cl Ϫ cotransporter (NKCC) in dog tracheal cells (19, 20) and in human trabecular meshwork cells (35) . Moreover, our recent study (34) suggests that the intracellular Cl Ϫ could act as a signal regulating Na ϩ reabsorption through changes in ␣-subunit of the ENaC (␣-ENaC) mRNA expression in renal epithelial A6 cells via activation of a pathway dependent on protein tyrosine kinases. This result indicates that a change of [ has been tried to be measured by using conventional techniques such as nuclear magnetic resonance (6) , microelectrode (1, 23) , X-ray probe electron microanalysis (18, 36) , or 36 Cl Ϫ tracer (14) . However, these methods are limited to measure [Cl Ϫ ] i , because of the technical expertise required to make reliable measurements and the imperfect selectivity and sensitivity to Cl Ϫ . There are other approaches for measurements of [Cl Ϫ ] i using quinoline-based halide-sensitive fluorescent dyes sensitive to Cl Ϫ such as 6-methoxy-1-(3-sulfopropyl) quinolinium (SPQ), N-(6-methoxyquinolyl) acetoethyl ester (MQAE), and 6-methoxy-N-ethylquinolinium (MEQ). These dyes have a high selectivity to Cl Ϫ and have been used for measurements of [Cl Ϫ ] i in a variety of preparation such as neurons, glia, fibroblast, and different types of epithelial and endothelial cells (4, 5, 13, 37, 43 
MATERIALS AND METHODS
Materials. NCTC-109 medium and MQAE were purchased from Invitrogen (Carlsbad, CA). Cl Ϫ -substituted NCTC-109 with NO3 salts was obtained from Cell Science and Technology Institute (Sendai, Japan). Nigericin, tributyltin chloride, and carbonyl cyanide 3-chloropenylhydrazone (CCCP) were obtained from Wako Pure Chemical Industries (Osaka, Japan). Quinine, valinomycin, and 5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB) were purchased from Sigma (St. Louis, MO).
Cell preparation. Renal epithelial A6 cells derived from Xenopus laevis were purchased from American Type Culture Collection (Manassas, VA). A6 cells (passages 76 -84) were grown on plastic culture flasks in culture medium modified for amphibian cells, which contained 75% (vol/vol) NCTC-109 medium, 15% (vol/vol) distilled water, and 10% fetal bovine serum (osmolality 265 mosmol/kgH 2O) (15, 39) . The flasks were kept in a humidified incubator at 27°C with 1.0% CO 2 Solutions. The 120 mM NaCl isotonic medium (NaCl buffer) contained 120 mM NaCl, 3.5 mM KCl, 1.0 mM CaCl 2, 1.0 mM MgCl2, 5.0 mM glucose, and 10 mM HEPES. The 120 mM NaNO3 solution (NaNO3 buffer) contained 120 mM NaNO3, 3.5 mM KNO3, 1.0 mM Ca(NO3)2, 1.0 mM Mg(NO3)2, 5.0 mM glucose, and 10 mM HEPES. For calibration of intracellular MQAE fluorescent intensity against [Cl Ϫ ]i, the 0 mM Cl Ϫ , 10 mM NaNO3, 105 mM KNO3, 1.0 mM Ca(NO3)2, 1.0 mM Mg(NO3)2, 8.5 mM CsNO3, 5.0 mM glucose, and 10 mM HEPES, the 100 mM Cl Ϫ [10 mM NaNO3, 100 mM KCl, 5.0 mM KNO3, 1.0 mM Ca(NO3)2, 1.0 mM Mg(NO3)2, 8.5 mM CsNO3, 5.0 mM glucose, and 10 mM HEPES], and the KSCN [120 mM KSCN, 3.5 mM KCl, 1.0 mM Ca(NO3)2, 1.0 mM Mg(NO3)2, 5.0 mM glucose, and 10 mM HEPES] buffers were prepared. CsNO3 was used for adjusting osmolality in each buffer without affecting other ionic compositions for calibration of Cl Ϫ . The osmolality of buffers was 268 mosmol/kgH2O. All solutions used in the present study were adjusted to pH 7. 40 .
Measurement of water volume. To detect the exact concentration of intracellular MQAE, we measured the intracellular water (MQAE accessible) content of A6 cells. Cells were seeded on 75-cm 2 plastic culture flasks at a density of 1.5 ϫ 10 5 cells/flask and were cultured for 14 days. Cells were washed with PBS and then detached from the flask by using Trypsin-EDTA. A6 cells were transferred to 10-ml glass centrifuge tubes and then centrifuged at 800 rpm for 5 min. After the centrifugation, the supernatant was discarded and tubes were weighed to determine the wet cell volume. To measure the dry weight, A6 cells were subsequently dried to reach the constant weight over a period of 24 h in a 90°C oven.
Measurements of cell volume and fluorescence. Cell volume and fluorescence measurements were performed by using a high-resolution flow cytometer, Cell Lab Quanta (Beckman Coulter). This flow cytometer is designed to simultaneously measure the fluorescent intensity and the electronic volume (EV) (26) . The EV measured with the Coulter Principle (9) is much more reliable and accurate than the volume detected by forward angle light scattering (FALS) analyzes by the conventional flow cytometer. The MQAE was excited by using an Hg lamp with 360-nm wavelength. The fluorescent intensity of MQAE was measured by using 460-nm band-pass filter. All data on EV and fluorescent intensity were analyzed by Quanta control software. EV and MQAE fluorescence of more than 10,000 cells were collected. Ϫ . Furthermore, in this time period, the intracellular water content of the cells incubated in the Cl Ϫ -free medium was not significantly different from that of the cells incubated in the control medium. Therefore, the intracellular MQAE content was not affected by incubation with the Cl Ϫ -free medium.
MQAE loading and intracellular calibration of intracellular Cl

Measurement of [Cl
Ϫ ]i in A6 cells after hypotonic shock. A6 cells were cultured in a culture medium containing MQAE (10 mM) for 12 h at 27°C, in a CO 2 incubator. MQAE-loaded cells were detached from culture flask. The cell suspension was centrifuged and resuspended in 120 mM NaCl isotonic buffer (1.5 ml). After 15-min incubation at 27°C, the cell suspension of 0.3 ml was mixed with the same volume of 120 mM NaCl isotonic buffer. This cell suspension was used as a sample without hypotonic shock (0 min). The remainder (1.0 ml) was diluted twofold by distilled water to provide hypotonic shock with 50% osmolality. Cell volume and fluorescent intensity were measured at 1, 5, 10, 15, 20, and 30 min after hypotonic shock by using Cell Lab Quanta. First, we determined the KSV and the MQAE leakage rate in the presence of these inhibitors. These inhibitors were added to all media for measurements of K SV and the MQAE leakage rates. Effects of NPPB or quinine on the change of cell volume and [Cl Ϫ ]i after exposure to the hypotonic solution were studied as follows. A6 cells were incubated in a culture medium containing MQAE (10 mM) for 12 h at 27°C in a CO 2 incubator. MQAE-loaded cells were detached from culture flask. The cell suspension was centrifuged and resuspended in 1.5 ml 120 mM NaCl isotonic buffer. Then, cells were incubated with 1.0 ml 120 mM NaCl buffer containing 100 M NPPB or 1 mM quinine for 15 min at 27°C. After this treatment, the cell volume and the fluorescent intensity were measured before and after hypotonic shock by using the solution containing the inhibitor.
Data presentation and statistical analysis. Results are expressed as means Ϯ SE. Statistical analysis was carried out using Student's t-test. Differences were considered significant when the P value was Ͻ0.05.
RESULTS
Intracellular water volume of A6 cells.
First, we determined a cellular water space, which was the MQAE-accessible space in the A6 cell, to measure the exact change of [Cl Ϫ ] i during RVD. The putative water volume was calculated from the water content in A6 cells that was obtained by subtracting the dry weight from the wet weight of A6 cells in the isotonic solution. A6 cells (ϳ5.0 ϫ 10 7 cells) were detached from flasks and then centrifuged. The wet weight was determined by weighing pellets of A6 cells after discarding supernatants as possible, and the dry weight was measured after drying the pellets for 24 h in a 90°C oven. The wet and the dry weights were 141.5 Ϯ 4.1 and 16.0 Ϯ 0.5 mg, respectively (n ϭ 14). Assuming that the difference between the wet and dry weights indicated the intracellular water volume with its specific gravity nearly equal to 1.0, the intracellular water space in A6 cell was 88. (Fig. 3); i.e., within 1 min after hypotonic shock from 268 to 134 mosmol/kgH 2 O the cell volume was rapidly increased to ϳ152% of its initial volume (Fig. 3) . After swelling, the cell volume of A6 cell was gradually decreased, returning toward its initial volume. The cell volume went back to 130% of its initial volume 30 min after application of hypotonic shock. The [Cl Ϫ ] i in the isotonic medium was 43.6 Ϯ 3.1 mM before application of hypotonic shock (Fig. 3) . One minute after hypotonic shock, the [Cl Ϫ ] i was drastically reduced by 49% (22.5 Ϯ 2.4 mM) according to the hypotonicity-induced swelling (a simple dilution due to water influx; Fig. 3) . Then, the [Cl Ϫ ] i was gradually decreased according to the progression of RVD. The [Cl Ϫ ] i was reduced to 10.8 Ϯ 2.1 mM (75.2% decline) 30 min after application of hypotonic shock (Fig. 3) in the 120 mM NaCl buffer containing 100 M NPPB or 1 mM quinine. The values of K SV were 15.9 or 16.7 in 100 M NPPB and 1 mM quinine, respectively. The rate of MQAE leakage in an NPPB-or a quinine-containing buffer was also measured. In the NPPB-containing buffer, the rate of MQAE leakage was 0.17%/min, whereas the rate of MQAE leakage was 0.66%/ min in a quinine-containing buffer. Then, we measured the cell volume and [Cl Ϫ ] i that were immersed in a hypotonic buffer containing NPPB or quinine. As shown in Fig. 4 , preincubation with 100 M NPPB or 1 mM quinine for 15 min before the hypotonic shock drastically inhibited RVD that was observed in hypotonic shock without these channel blockers. In the absence of these channel blockers, the [Cl Ϫ ] i was reduced by ϳ50% (from 43.6 to 22.5 mM) at 1 min after hypotonic shock. This initial reduction of [Cl Ϫ ] i in the presence of NPPB (from 63.0 to 32.2 mM) was almost identical to that under the normal condition (without channel blockers). However, the following reduction of [Cl Ϫ ] i during RVD observed in control was suppressed by NPPB treatment (Fig. 4A) ] i was also observed in quinine-treated cells (Fig. 4B) 
DISCUSSION
In the present study, we established a novel method to measure the [Cl Ϫ ] i during cell volume changes by using a high-resolution flow cytometer, Cell Lab Quanta, and a halidesensitive dye, MQAE. The [Cl Ϫ ] i has been measured by X-ray analysis, radioisotope, Cl This means that the usage of MQAE is unsuitable for [Cl Ϫ ] i measurements during RVD without measurements of the dye concentration (i.e., cell volume), since the intracellular concentration of MQAE is significantly changed according to cell volume changes during RVD. In the present study, we attempted to solve this problem by using a high-resolution flow cytometer, Cell Lab Quanta. We used a cellular fluorescence/EV ratio to normalize the change in the dye concentration due to cell volume change. This normalization of the dye concentration based on cell volume is necessary, since no Cl Ϫ indicators with a fluorescence ratio technique are available. Using Cell Lab Quanta, we can simultaneously measure the fluorescent intensity and accurate cell volume (as EV) of intact cells. The measurement of EV by Coulter principle is a reliable, accurate method for determination of cell volume. Thus we can normalize the intracellular MQAE concentration by using the EV, even if the cell volume is changed during [Cl Ϫ ] i measurement period. Until now, MQAE is reported to be used to monitor [Cl Ϫ ] i changes in CHO cells by using a fluorescence/forward angle light scatter (FALS) to normalize the dye content (2) . The data from FALS are obtained in a laser flow cytometry for identification of cell populations based on their approximate size and granularity. Earlier reports showed that light scatter is not an accurate technique measuring the cell volume or diameter despite its utility and widespread use (28, 30) . Therefore, our novel method reported in the present study enables us to solve the problem caused by cell volume change. However, we should have further considered the MQAE soluble space of the cell, since the MQAE concentration in the cell should be determined by the water space of the cell. Therefore, we estimated the intracellular water volume by measuring dry/wet weight ratio. The cellular dry/wet weight ratio under control conditions was ϳ89%. Under the condition, the 50% reduction of the extracellular osmolality should increase the cellular volume to 189% of the initial cell volume, if no osmolytes are released from the cell and the part of 11% (100 -89%) does not function as an intracellular osmolyte. However, the actual cellular volume was increased to only 152%. The difference between the expected value (189%) and the observed one (152%) suggests to us two possibilities; 1) unstirred layers are not negligibly small in osmotic water movements, and 2) some osmolytes are released from the intracellular space before the cell volume reaches its peak value. Regarding the former possibility, unstirred layers decrease the effective osmotic gradient across a barrier (3). The unstirred layer would cause a phenomenon that the actual cellular volume increment after hypotonic shock is smaller than the increment in the putative cellular volume. In the present study, we indicate that the intracellular water volume of A6 cells under the isotonic condition was 89% of cell volume. On the other hand, Grosse et al. (18) reported that the mean value of the intracellular water volume in A6 cells is ϳ80% by calculating dry/wet weight ratio, suggesting that the intracellular water volume of A6 cells reported in the present study may be overestimated. However, even if the value of intracellular water space reported in the present study, 89%, was overestimated and it would be 80%, the conclusion of the present study does not essentially alter. In fact, if the intracellular water space is 80% in the isotonic condition, the [Cl Ϫ ] i at 30 min after hypotonic stress is estimated to be 12.8 Ϯ 2.5 mM. This was not significantly different ( P value ϭ 0.39) from [Cl Ϫ ] i at 30 min after hypotonic stress, 10.8 Ϯ 2.1 mM, which was calculated by using the value of intracellular water space used in this study, 89%. Therefore, even if the estimation of the intracellular water space reported in the present study (89%) is overestimated, the conclusion of the present study does not change.
In this study, hypotonic shocks were imposed by diluting the extracellular solution with an equal volume of distilled water. This would clearly cause a 50% reduction in the concentrations of all ions, which were critical for maintenance of cellular homeostasis such as K ϩ , Ca ] i has been reported to be ϳ20 -50 mM depending on the source of the cells and techniques used for measurements as described below. The value of [Cl Ϫ ] i reported in the present study fits well within this range. In other cases, the intracellular electrolytes of A6 cells have been demonstrated by measuring the Cl Ϫ content in polarized cells by the X-ray analysis (28.2 Ϯ 1.5 mmol/kg wet wt) (18) and the intracellular Cl Ϫ activity by MQAE (27.0 Ϯ 2.0 mM) (10). However, it is difficult to compare these data with the value in the present study, since the Cl Ϫ contents are given in millimoles per kilogram of wet weight by X-ray analysis (18) and the Cl Ϫ measurements by using MQAE were obtained from preparations in which the extracellular Cl Ϫ concentration of the initial incubating solution was considerably lower (89.5 mM) (10) than in the present study (127.5 mM). In the present study, the [Cl Ϫ ] i was drastically reduced from 43.6 to 22.5 mM according to the cell swelling at 1 min after hypotonic shock when the cell volume reached its maximum value. Then, the [Cl Ϫ ] i was further reduced to 10.8 mM during the time period of RVD progression. The reduction of [Cl Ϫ ] i according to the initial cell swelling after hypotonic stress is also observed in another experiment by the X-ray analysis (18) 
